Raman spectroscopy (RS) was applied for the analysis of seminal plasma in order to detect spectral parameters, which might be used for differentiating the normal and abnormal semen samples. Raman spectra of seminal plasma separated from normal and abnormal semen samples, showed a distinct difference in peak ratios between 1449 and 1418 cm − 1 (P < 0.05). More efficient alternative method of using principal component analysis-linear discriminate analysis based on Raman spectroscopic data yielded a diagnostic sensitivity of 73% and specificity of 82%. The results suggest that RS combined with the multivariate analysis method has the potential for differentiating semen samples by examination of the corresponding seminal plasma. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Clinically, semen analysis serves as an important criterion for evaluating the male reproductive capacity. Conventional semen analysis involving examination of the spermatozoa characteristics such as motility, forward progression, and concentration are routinely performed by laboratory operators, thus, user-induced errors due to manual operation are inevitable. Recently, studies focusing on automated analysis of semen samples have demonstrated the possibility with high precision and accuracy. 1, 2 However, these methods are still in controversy and not sufficient for clinical use. In addition, studies based on biochemical analysis or morphological characterization of spermatozoa were timeconsuming and labor-intensive, even with a risk of influencing the activity of spermatozoa when immobilizing the live spermatozoa for measurement. Knowing that semen consists of two parts, the cellular and noncellular parts (seminal plasma), semi-nal plasma plays a role as the soil for spermatozoa by providing a nutritive and protective medium during its fertilization, and evidence has shown that seminal plasma contains factors influencing male fertility. 3, 4 Thus, it is reasonable that analysis of seminal plasma will give an effective and objective reflection of the semen quality. Barcot et al. have presented encouraging results obtained from seminal plasma by using FTIR spectroscopy; 5 however, as the FTIR technique is limited by water interference, in their study the seminal plasma sample was dried before measurement, thus, it could induce physiological influence on seminal plasma; moreover, the broad-band spectral characteristic of FTIR would probably prevent some useful biomolecular information from being measured.
As a complementary technique to FTIR, Raman offers benefits that include minimal sample preparation, nondestructive analysis, and minimal interference from water. Raman spectroscopy (RS) in diagnostic aspects involving body fluids [6] [7] [8] has been gaining importance in the last few years. However, so far RS has not been used to investigate and differentiate normal and abnormal semen samples based on the spectral characteristics of seminal plasma, and this is what motivated us to perform this work.
A set of 40 semen samples [18 normal and 22 abnormal, diagnosed according to World Health Organization (WHO) morphology criteria] were obtained, and each man produced a single sample by usual male fertility test routine after four to seven days of advised abstinence. After that, semen samples were incubated at 37 • C for 20 min to achieve liquefaction and then an aliquot of semen sample were analyzed by computer-aided semen analysis. The remaining semen samples were freshly centrifuged for 10 min at 1000 g in eppendorf centrifuge and the seminal plasma was removed and separated from the semen. Prior to measurement, a small 10-μl drop of seminal plasma was directly transferred with a pipette from the centrifuge tube onto an aluminum plate for subsequent experimentation.
A commercial Renishaw InVia confocal-Raman spectrometer coupled with a research-grade Leica microscope was used for all measurements. Through a 20× objective with a spectral resolution of 2 cm − 1 , 785-nm excitation light was focused on the sample. The laser power at the sample plane was ∼50 mW and the spot size of the excitation beam was ∼10 μm wide by using the standard confocality mode. Raman signal detection was carried out using a Peltier cooled CCD camera with a 10 s integration time. Raw data obtained from samples were first treated using WiRE 2.0 software to remove any cosmic ray interference, then, fluorescence background was subtracted out using the program previously described by Zeng et al., 9 and after that, each measured spectra were normalized to the integrated area under the curve range within 400 to 1800 cm − 1 . Figure 1 shows reproducible mean spectra of seminal plasma obtained from 18 normal and 22 abnormal subjects. At first glance, peaks located at 527, 621, 716, 767, 956, 1004, 1063 to 1076, 1321 to 1337, 1418, 1448, and 1670 cm − 1 can be clearly identified. The corresponding assignments of these peaks were shown in Table 1 . When comparing the spectra of seminal plasma from normal and abnormal groups, we found a similar spectral profile, and the major differences are mostly of intensity variations, indicating that main differences exist in the content change of certain compositions. An additional difference spectrum was shown at the bottom of Fig. 1 , and the previously identified 10 peaks at 716, 1448, and 1670 cm − 1 are more intense in the normal group than in the abnormal group. In detail, the peak at 716 cm − 1 is generally assigned to the C-N sym- metric stretching vibration of choline, [11] [12] [13] peak at 1448 cm − 1 is contributing to CH 2 , CH 3 bending mode in tryptophane, and 1670 cm − 1 assigned to the C=C bond stretching mode is attributed to polypeptide backbone of amide I. 14 According to the peak assignments shown in Table 1 , these results indicate that overall, relatively higher content of choline and spermine phosphate hexahydrate (SPH) was found in the normal group than that in the abnormal group. Interestingly, it was found that the peak of 1418 cm − 1 , which assigned to α-methylene CH 2 scissoring band of lipids, was previously described as a shoulder peak, 15 but in our experiment, it appears as a more dominant peak. This may be due to the reason that when detecting the whole semen sample, spermatozoa produced a relatively larger signal at 1449 cm − 1 , which masked the peak of 1418 cm − 1 . By careful inspection of the obtained spectra, distinct spectral differences were seen at the 1449 and 1418 cm − 1 peak positions. The average peak ratio of 1449 cm − 1 versus 1418 cm − 1 for the normal group (1.13 ± 0.05) is significantly different from that for the abnormal group (1.26 ± 0.15) (unpaired student's t-test, P < 0.05). That is, the ratio of Raman intensities at 1449 to 1418 cm − 1 provided good differentiation between normal and abnormal groups. However, to avoid spectral variations due to different detection spots in the same sample or different donors, a systematic and unbiased method for separating seminal plasma between normal and abnormal is quite essential. In our study, principal component analysis (PCA) coupled with linear discriminate analysis (LDA) was performed on the Raman spectra. First, PCA was applied to the Raman data for reducing complex data sets and extracting the key variables that account for the maximal variances in the multidimensional data set. After that, the principal component (PC) scores of the principal components were selected as variables for independent-sample T test. Two PCs (PC2 and PC4) were tested to be most diagnostically significant (P < 0.05) for discriminating normal and abnormal groups. To illustrate the use of PC scores for diagnostic classification, direct comparisons between normal and abnormal groups were presented in Fig. 2 by showing the scatter plot of the second PC versus the fourth PC. In order to incorporate all significant spectral features, LDA was used to generate diagnostic algorithms using the two most significant PCs (PC2 and PC4). In addition, for the validation of the PCA-LDA model, the leave-one-out cross-validation procedure was performed. 16 The classification results showed sensitivity of 73% and specificity of 82%. To further evaluate the performance of the PCA-LDA-based diagnostic algorithm for seminal plasma differentiation, the receive operator characteristic (ROC) curve, which was a comparison of two operating characteristics (true and false positive rates) as the criterion changes, was generated at different threshold levels (shown in Fig. 3 ). The area under the ROC curve was 0.823 showing that the Raman spectra of seminal plasma can be used for differentiation with high sensitivity and specificity.
In summary, our results suggest that it is feasible to use RS to characterize the seminal plasma. Specific spectral features and PCA-LDA analysis methods can be used to detect and differentiate semen samples by rapid and simple examination of the corresponding seminal plasma obtained from the normal and abnormal subjects. We envision the potential of using RS combined with multivariate statistical analysis as a new diagnostic method in semen quality assessment.
